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Abstract
Although high amounts of reactive oxygen species (ROS) can damage cells, ROS can also play
roles as second messengers, regulating diverse cellular processes. Here we report that embryonic
mouse cerebral cortical neural progenitor cells (NPCs) exhibit intermittent spontaneous bursts of
mitochondrial superoxide (SO) generation (mitochondrial SO flashes) that require transient
opening of membrane permeability transition pores (mPTP). This quantal SO production
negatively regulates NPC self-renewal. Mitochondrial SO scavengers and mPTP inhibitors reduce
SO flash frequency and enhance NPC proliferation, whereas prolonged mPTP opening and SO
generation increase SO flash incidence and decrease NPC proliferation. The inhibition of NPC
proliferation by mitochondrial SO involves suppression of extracellular signal-regulated kinases.
Moreover, mice lacking SOD2 (SOD2−/− mice) exhibit significantly fewer proliferative NPCs
and differentiated neurons in the embryonic cerebral cortex at mid-gestation compared with wild
type littermates. Cultured SOD2−/− NPCs exhibit a significant increase in SO flash frequency and
reduced NPC proliferation. Taken together, our findings suggest that mitochondrial SO flashes
negatively regulate NPC self-renewal in the developing cerebral cortex.
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Introduction
All cells produce reactive oxygen species (ROS), the bulk of which originate when O2 is
converted to superoxide anion radical (O2

.−; SO) in mitochondria. SO is dismutated to
hydrogen peroxide (H2O2) by the activity of mitochondrial superoxide dismutase (SOD2;
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Mn-SOD) and cytosolic SOD1; H2O2 is then decomposed to water by the activities of
glutathione peroxidases and catalase [1, 2]. However, excessive ROS generation and/or
impaired detoxification can result in pathological molecular modifications to proteins,
nucleic acids and lipids; in addition to SO, two ROS that are particularly damaging are
hydroxyl radical (produced from H2O2 in a reaction catalyzed by Fe2+ and Cu+) and
peroxynitrite (produced when SO interacts with nitric oxide). Indeed, oxidative damage to
neurons is implicated in a range of neurological conditions including stroke, Alzheimer’s
disease (AD), Parkinson’s disease and Huntington’s disease [3, 4]. Although ROS have been
mostly studied from the perspective of their roles in disease, it has become clear that ROS
also participate in cell signaling events that regulate a range of physiological processes
including cell proliferation and differentiation, muscle contraction and synaptic plasticity
[5-7].

In contrast to the considerable evidence for the involvement of ROS in a range of
physiological and pathological processes in somatic cells, little is known of their roles in
stem cells in general, and neural progenitor cells (NPCs) in particular. During brain
development, neurons and glial cells are produced from NPCs located in proliferative
regions surrounding the lateral ventricles including the ventricular zone (VZ) and
subventricular zone (SVZ) [8]. As they differentiate, neurons migrate from the proliferative
zone, grow axons and dendrites and form synapses with pre-and post-synaptic neurons to
establish their life-long workplace partners [9]. Several signals that regulate the proliferation
and differentiation fate of NPCs have been identified including bFGF [10], BDNF [11] and
nitric oxide [12]. Signals for self-renewal or differentiation are transduced by intracellular
second messengers, kinases and transcription factors [13, 14]. It was previously reported that
the proliferation and differentiation of cultured NPCs is affected by the concentration of
oxygen in the culture atmosphere, with lower oxygen levels promoting proliferation and
higher oxygen levels suppressing proliferation (15-17). A role for ROS in the effects of
oxygen tension on NPCs was further suggested by studies showing that ROS levels are low
in NPCs and increase upon neuronal differentiation, and that alterations in ROS can affect
neuronal differentiation (18). In other studies, different subsets of progenitor cells exhibit
different ROS levels, with the most oxidized being more proliferative (19). Thus,
accumulated data show that increased ROS suppress stem cell proliferation and promote
differentiation in some settings, whereas in other settings cell proliferation is enhanced by
ROS. Physiological and pathological conditions that are known to cause ROS production
can influence NPC proliferation and differentiation, either positively or negatively,
depending upon the intensity and duration of the oxidative stress. For example, mild
physiological stresses such as exercise, dietary energy restriction and cognitive challenges
increase hippocampal neurogenesis [20]. On the other hand, the proliferation of NPCs is
suppressed in diabetes [21] and aging [20]. Therefore, much remains to be learned about the
role of ROS in regulating NPC proliferation and differentiation under physiological and
pathological conditions.

SOD2 is essential for the survival of aerobic organisms from bacteria to humans (22, 23).
The roles of SOD2 in physiological and pathological conditions have recently been
reviewed (24, 25). SOD2 may act as either a tumor suppressor or oncogene depending upon
differences in redox status of normal, transformed, tumor and metastatic cells (24, 26-28).
SOD2 deficient (SOD2−/−) mice exhibit several abnormalities including severe anemia,
neurodegeneration, myocardial injuries and prenatal death (29). The function of SOD2 in
regulating NPC proliferation and differentiation during development of the nervous system
is unknown.

We previously developed a novel mitochondria-targeted fluorescent SO indicator (mt-
cpYFP) which was used to demonstrate the existence of spontaneous mitochondrial SO
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‘flashes’ in excitable cells that were dependent upon both electron transport and the transient
opening of mitochondrial membrane permeability transition pores (mPTP) [30]. In present
study, we found that cerebral cortical NPCs exhibit a distinct pattern of mitochondrial SO
flashes, and this mPTP-mediated mitochondrial SO flashes do not appreciably affect global
ROS under physiological conditions and exert distinct roles in constraining NPC self-
renewal by suppressing MAP kinase activation. Studies of brain development in embryonic
SOD2−/− mice revealed a significant reduction of NPC proliferation and neuronal
differentiation in the cerebral cortex. Mice lacking SOD2 exhibit elevated SO flash activity
and suppression of MAP kinase phosphorylation and NPC proliferation, all of which are
rescued by agents that abolish SO flashes. These findings suggest that bursts of
mitochondrial SO production negatively regulate NPC proliferation in the developing
cerebral cortex.

Materials and Methods
Primary neural progenitor cell neurosphere cultures, treatments and analysis of self-
renewal and proliferation

NPCs were prepared from C57 mice or SOD2−/− mice. NPCs isolated from embryonic
mouse cerebral cortex were propagated as free-floating aggregates (neurospheres) to
promote proliferation of neural stem and progenitor cells for use in experiments as described
previously [31, 32]. Briefly, the telencephalon from embryonic day (E) 14.5 mice was
dissected in sterile Ca2+- and Mg2+-free Hanks’ balanced saline solution (HBSS). The
collected cortical tissue was incubated in 0.05% trypsin-EDTA in HBSS for 15 min at 370C
and then transferred to culture medium for neurosphere (NS) culture medium which
consisted of Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1) supplemented with
B-27 (InVitrogen, Carlsbad, CA, http://www.invitrogen.com/) and 40 ng/ml basic fibroblast
growth factor (bFGF; Becton Dickson, Bedford, MA) and 40 ng/ml epidermal growth factor
(EGF; InVitrogen, Carlsbad, CA). These culture conditions were used for all experiments in
this study. We cultured dissociated cells from E14.5 telecenphalon at a density of 2×105 per
ml and total 7 ml (1.4 million cells in total) in 35mm non-coated flasks to grow primary
neurospheres. The culture treatments included: 100 μM Tiron, 1 μM TMP, 1 μM
MitoTEMPO, 0.1μM cyclosporin A(CsA), 1 μM paraquat (PQ), 1 μM atractyloside (ATR),
or 50 μM SS31. All the agents were prepared as 500–1000x stocks in dimethylsulfoxide or
distilled water. Mitochondria-targeted tetrapeptide SS31 was a gift from Dr. Heping Cheng
of Peking University. Treatments were administered by direct dilution into the culture
medium and an equivalent volume of vehicle was added to control cultures. In some
experiments, cultures were pretreated with 20 μM PD 98059 (Sigma, St. Louis, MO) for 1h.

Immunocytochemistry and mitochondrial imaging
NPCs or brain sections were processed for immunocytochemistry using the following
primary antibodies and dilutions: anti-ß3-tubulin (Tuj1; mouse, 1:250; Sigma, St. Louis,
MO), anti-Sox2 (1:200, Chemicon, Temecula, CA), anti-nestin (1:200, Cell Signaling
Technology, Danvers, MA), anti Ki67 (1:200, Chemicon, Temecula, CA, http://
www.millipore.com/). Secondary antibodies used and their dilutions were: FITC-conjugated
donkey anti-mouse (BrdU, Tuj1 and Sox2) or rat (Nestin) or rabbit IgG (Ki67) and
rhodamineconjugated donkey anti-mouse IgG(1:500, InVitrogen, Carlsbad, CA).

For immunofluorescence, monolayer NPCs were fixed in a solution of 4%
paraformaldehyde in PBS for 20 minutes. The cells or brain sections were permeabilized
and preincubated with blocking solution (0.3% Triton X-100, 10% normal goat serum) in
PBS for 30 min, and then incubated overnight with a primary antibody diluted in blocking
solution at 4°C. Cells or brain sections were washed with PBS and incubated with

Hou et al. Page 3

Stem Cells. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.invitrogen.com/
http://www.millipore.com/
http://www.millipore.com/


appropriate secondary antibodies diluted in blocking solution for 2 h at room temperature.
The cells or brain sections were counterstained with propidium iodide (PI) (0.02% PI and
1% RNAse in PBS) for 10 min when needed; they were then washed with PBS and mounted
on microscope slides in an anti-fade medium (Vector Laboratories, Burlingame, CA, http://
www.vectorlabs.com). For BrdU immunohistochemistry, BrdU was added to the cultures at
a final concentration of 10 μM, and at designated time points the cells were fixed in 4%
paraformaldehyde in PBS. The immunostaining procedures described above were followed,
except that the cells were denatured by incubating in a solution of 2 N HCl for 45 min
before the primary antibody was added. To observe mitochondrial morphology, NPCs were
transfected with 2 μg pcDNA3.1 plasmid containing mt-dsRED for 24 h. Images were
acquired using 25X or 63X objectives on a Zeiss LSM 510 confocal microscope.

Confocal imaging of mitochondrial superoxide production
NPCs were transfected with 2 μg pcDNA3.1 plasmid containing mt-cpYFP coding sequence
[30] using FuGENE 6 reagent (Roche Diagonostics, Indianapolis, IN, http://
www.rocheusa.com/) according to the instructions of the manufacturer. The imaging was
performed 48-72 h after transfection. Confocal imaging used a Zeiss LSM 510 confocal
microscope with a 63X, 1.3NA oil immersion objective and a sampling rate of 1.5 s / frame.
Dual excitation imaging of mt-cpYFP was achieved by alternating excitation at 405 and 488
nm and emission at 505 nm. Imaging experiments were performed at room temperature (24–
26°C). Digital image processing used the Zeiss LSM 510 and sigma plot software (Research
Systems), and user-designed programs.

Cell proliferation assays
For monolayer adhesion culture, we cultured dissociated cells from primary neurosphere in
PEI-coated dishes at the density of 100 × 103 per cm2 culture surface area. After NPC
cultures were exposed to experimental treatments for designated time periods,
bromodeoxyuridine (BrdU) was added to the cultures at a final concentration of 10 μM, and
2 h later the cells were fixed in 4% paraformaldehyde in PBS, processed for
immunocytochemistry, and counterstained with PI to label the nucleus of all cells. Images
were acquired in five randomly chosen microscope fields using a 25X objective and dual
channels for BrdU immunostaining (488 nm excitation and 510 nm emission) and propidium
iodide (543 nm excitation and 590 nm emission). The BrdU- and propidium iodide-positive
cells were counted simultaneously in each image, and the proliferation index was calculated
as the number of BrdU-positive cells divided by the total number of the cells (propidium
iodide-positive). A minimum of 3 cultures for each condition were used in each experiment.
For neurosphere formation assay, we collected neurospheres on culture day 3 and
dissociated them using a NeuroCult cell dissociation kit (StemCell Technologies,
Vancouver, Canada, http://www.stemcell.com/) to culture in 96-well non-coated plate with
1000 cells/200 μl culture medium per well to analyze the neurosphere formation from 1000
cells. The number of secondary NS formed from the stem cells was used as a measure of
NPC self-renewal. The size (diameter) of the secondary NS was used as a measure of cell
proliferation (33, 34). Analyses were performed at 5-7 days in culture; images of NS in 8
wells per experimental condition were acquired and were then analyzed using Adobe
Photoshop or NIH Image J software to quantify both the number of NS and the diameter of
individual NS. All data presented are the results of 3–4 separate experiments.

Immunoblot analysis
Cultured cells were solubilized in sodium dodecyl sulfate–polyacrylamide gel
electrophoresis sample buffer, and the protein concentration in each sample was determined
using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, http://www.bio-rad.com/) with
bovine serum albumin as the standard. Proteins (30 μg of protein per lane) were then
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resolved in a 7.5– 10% sodium dodecyl sulfate–polyacrylamide gel and electrophoretically
transferred to a nitrocellulose membrane. Membranes were blocked with 4% non-fat milk in
TBST (Tris–HCl based buffer with 0.2% Tween 20, pH 7.5), and then incubated in the
presence of primary antibody overnight at 40C. Cells were then incubated for 1 h in the
presence of a 1:5000 dilution of secondary antibody conjugated to horseradish peroxidase
(Jackson Immunoresearch Laboratory, West Grove, PA, http://www.jacksonimmuno.com/).
Reaction product was visualized using an Enhanced Chemiluminescence Western blot
detection kit (Amersham Bioscience, Piscataway, NJ, http://www.biochipnet.com/). The
blots were probed with anti-phosphorylated extracellular signal-regulated kinase (ERK) 1/2,
phosphorylated p38 and phosphorylated JNK and total ERK1/2 (Cell Signaling
Biotechnology, Danvers, MA) and anti-actin (mouse, 1:5000; Sigma, St. Louis, MO).

Cellular ROS measurement
NS were isolated and aliquoted in wells in a 96-well plate (1 × 106 cells per well). To
measure intracellular accumulation of ROS, the peroxide sensitive fluorescent probe 5-
(and-6)-carboxy-2′7′-dichlorodihydrofluorescein diacetate (DCF; Invitrogen/Molecular
Probes, Eugene, OR, http;//www.invitrogen.com/) was used. In brief, DCF was added to
cells at a final concentration of 20 μM. The cultures were incubated at 37oC for 30 min.
After washing with pre-warmed NPC culture medium, the fluorescence intensity was
measured using a plate reader (488 nm excitation and 510 nm emission).

Mitochondrial superoxide dismutase (SOD2) deficient mice: genotyping, BrdU
administration and histochemistry

SOD2−/− mice (the Sod2tm1Leb targeted mutation) were purchased from Jackson
Laboratories (stock no: 002973), which was originally made by R. Lebovitz (29). A 1.5 Kb
HindIII fragment containing exons 1 and 2 of the Sod2 gene, as well as approximately
500bp immediately 5′ of exon 1, was replaced with a human hypoxanthine
phosphoribosyltransferase minigene driven by the phosphoglycerate kinase promoter. The
transcription and translation start sites, the mitochondrial targeting sequence, and one of the
three histidines that bind directly to the manganese cofactor, were eliminated. For
genotyping, two complementary PCRs were performed on genomic DNA from mouse tail or
tissues. The first reaction used primers for detecting a SOD2 exon 1 sequence
(5′ACGTTGCCTTCCCAGGAT 3′ and 5′GTTTACACGACCGCTGCTCT3′) and the
second reaction used primers for detecting a mutated sequence (5′TGT TCT CCT CTT CCT
CAT CTC C3′ and 5′ACC CTT TCC AAA TCC TCA GC3′). The first reaction generates a
193bp product for the WT allele and the second reaction generates a 240bp product for the
mutant allele. For BrdU administration, timed pregnant female mice received
bromodeoxyuridine (BrdU) by intraperitoneal injection (50 mg/kg) 1 h before euthanasia by
cervical dislocation. The embryos were removed and the tail from each embryo was
collected for genotyping. The head of each embryo was immediately fixed in 4%
paraformaldehyde. Two days later the fixed brains were transferred to a solution of 30%
sucrose in PBS for cryopreservation. Cryostat sections of the brains were cut in the coronal
plane at a thickness of 15 μm and collected on Superfrost Plus slides (VWR, West Chester,
PA). Brain sections were processed for immunohistochemistry.

Data analysis
All data are presented as mean ± SD. Comparisons between control and treatment groups
were performed by using Student′s unpaired t test or ANOVA when appropriate. P < 0.05
was considered to be statistically significant.
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Results
Neural Progenitor Cells Exhibit Spontaneous Bursts of Mitochondrial Superoxide
Production

NPC cultures were established from embryonic day 14.5 mouse cerebral neuroepithelium
and propagated as free-floating neurospheres to promote proliferation of NPC prior to use in
experiments as described previously [31, 32]. When dissociated neurospheres were plated at
a high density in polyethyleneimine-coated dishes and maintained for 3 days in presence of
bFGF and EGF, approximately 98% of the cells were proliferating NPCs as demonstrated by
their expression of the NPC markers Sox2 and nestin, and by incorporation of BrdU into
their DNA (Fig. 1A). NPCs displayed bipolar and round morphologies. Mitochondrial
subcellular localization and morphology was evaluated in cultured NPCs transfected with
mt-DsRed plasmid. Unlike mitochondria in cultured embryonic hippocampal neurons which
exhibit a distinct rod-like morphology (Fig. S1), mitochondria in NPCs displayed a
reticulum-like structure concentrated around the nucleus (Fig. 1A).

Cultured NPCs stably expressing mitochondrial SO sensor mt-cpYFP [30], exhibited a weak
basal fluorescence signal with the same mitochondrial localization observed in mt-DsRed-
labeled cells (Fig. 1B, 1D). When imaged during a 5 minute period, approximately 10% of
the NPCs exhibited one or more robust, transient increase in mt-cpYFP fluorescence
kinetically similar to the “SO flashes” previously observed in cardiac myocytes and
embryonic neurons [30]. The SO flashes in the NPCs typically peaked within 2-4 seconds
then decreased to baseline levels within 5-7 seconds (Fig 1B-1E; Supplemental movie 1 and
2). These SO flash events were observed at 488 nm excitation and exhibited all-or-none
properties (Fig. 1B-1E). In contrast, when excited at 405 nm the emitted fluorescence signal
was unchanged (data not shown). The mitochondrial SO flashes appeared to occur randomly
among the NPCs. However, mitochondria adjacent to each other throughout the cell (Fig.
1B) or in a perinuclear location (Fig. 1D) exhibited SO flashes that occurred in a
synchronized manner, suggesting the presence of a mitochondrial reticulum or molecular
communication among closely apposed individual mitochondria. These communal
mitochondrial SO flashes in the NPCs contrast with the autonomous single mitochondrial
flashes observed in cardiomyocytes or neurons in a previous study [30].

Regardless of subcellular localization (perinuclear or in cell processes), mitochondrial SO
flashes were indistinguishable in their amplitude and kinetics (Fig. 1F-1I). A typical flash
arises abruptly, peaks in 2.9 ± 0.98 s and dissipates with a half-time of 4.08 ± 1.6 s (mean +
SD of 47 flashes). The average fractional peak increase of mt-cpYFP fluorescence (ΔF/F0)
during a flash was 0.29 ± 0.11 (mean + SD of 47 flashes). Flash generation can be
manipulated by pharmacological agents that affect mPTP opening and SO scavenging in
cardiac myocytes [30]. We found that the incidence of mitochondrial SO flashes was
reduced by approximately 80% in NPCs treated with the mitochondrial SO scavengers
mitoTEMPO (1 μM) and tetrapeptide SS31 (D-Arg-Dmt-Lys-Phe-NH2; 50 μM), the SOD2
mimetic MnTMPyp (TMP, 1μM), the SO scavenger Tiron (100 μM), or the mitochondrial
mPTP inhibitor Cyclosporin A (CsA, 0.1 μM) (Fig. 2A). Application of the mitochondrial
SO generator paraquat PQ (1 μM), or the mPTP opener ATR (1 μM) increased flash
frequency by 89% and 63%, respectively (Fig. 2A). Collectively, these findings suggest that
NPCs exhibit SO flashes that are generated by a mechanism involving a functional coupling
of transient mPTP opening with a rapid burst of SO generation.

To determine whether the agents that reduce mitochondrial SO flash activity also reduce
global ROS levels, we measured DCF fluorescence intensity in NPCs exposed to the same
agents. Interestingly, the mitochondrial SO flashes did not contribute appreciably to global
ROS levels because manipulations that reduced or enhanced mitochondrial SO flash
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incidence did not affect basal global ROS levels (DCF fluorescence intensity, Fig. 2B).
These findings suggest that mPTP-mediated SO flashes are quantal mitochondrial events
that do not affect global ROS homeostasis appreciably under physiological conditions.

Superoxide Flashes Negatively Regulate the Proliferation of NPCs
We next explored the function of SO flashes in NPCs. Because ROS can act as signaling
molecules that regulate cell proliferation, we determined whether spontaneous SO flashes
influence the proliferation of NPCs. First, we quantified the numbers of neurospheres
formed from equal numbers of dissociated NPCs during a 6 day culture period; the cultures
were treated at the time of plating with vehicle (control) or pharmacological agents at
concentrations that blocked SO flash biogenesis. Neurosphere numbers and diameters were
both dramatically enhanced in cultures treated with MitoTEMPO and SS31compared with
control cultures. Neurosphere numbers, but not diameters were significantly greater in
cultures treated with TMP, Tiron and CsA (Fig. 3A, 3C, 3D). We also measured BrdU
incorporation in cultures of dissociated NPCs growing on an adherent substrate. Compared
to control cultures, significantly more NPCs incorporated BrdU in cultures treated with
agents that reduce SO flash incidence (Fig. 3B, 3E). In contrast, neurosphere numbers and
diameters were significantly decreased in cultures treated with PQ and ATR, agents that
enhanced mitochondrial SO flash incidence (Fig. 3F, 3G). Significantly fewer NPCs
incorporated BrdU in cultures treated with PQ or ATR compared to control cultures (Fig.
3H). As we demonstrated previously (Fig.2B), the reagents that either enhance or reduce SO
flash incidence do not affect global ROS. Therefore, these findings suggest that the burst
production of mitochondrial SO (SO flash) negatively regulates NPC proliferation, by a
mechanism not involving changes in global ROS. We further examined SO flash activity in
NPCs cultured in an atmosphere with a reduced concentration of O2 (5%). We found that
SO flash incidence was reduced by 60% in NPCs cultured with 5% O2 compared to the
usual higher O2 concentration of 21% (Fig. S2A). NPCs cultured with 5% O2 showed a
significant increase in proliferation compared to those cultured in a 21% O2 atmosphere as
indicated by a 20% increase in BrdU incorporation and a 38% increase in neurosphere
number (Fig. S2B, S2C). These results further support our conclusion that mitochondrial SO
production is negatively associated with NPC proliferation.

Superoxide Flashes Suppress ERK Activity
Mitogen-activated protein (MAP) kinases function in a variety of signal transduction
pathways and play important roles in regulating cell growth, differentiation, and survival.
Members of the MAP kinase family include the extracellular signal-regulated kinases
(ERK-1/p44 MAP kinase and ERK-2/p42 MAP kinase), Jun N-terminal kinase (JNK), and
p38 MAP kinase [35]. ERKs are typically activated by growth factor stimulation and
promote cell proliferation, differentiation and/or survival of stem cells. In contrast, JNK and
p38 MAP kinases are strongly activated by a variety of cellular stresses and are involved in
apoptosis and inflammatory responses [36]. We therefore determined whether one or more
of the MAP kinases were activated or inhibited by SO flash activity in NPC. We found that
exposure of NPCs to agents that reduce SO flashes for 24 hours resulted in significant
elevations in the level of phosphorylated ERK1 and ERK2 (p-ERKs), without a change in
the overall level of ERKs 1 and 2 (Fig. 4A, 4B). In contrast, treatment of NPCs with these
agents for 24 hours did not affect levels of phosphorylated JNK or p38 (Fig. 4A). We next
employed PD98059, an inhibitor of the ERK-activating kinase MEK-1, to determine
whether inhibition of ERK activation was sufficient to account for the inhibition of NPC
proliferation by SO flash. Treatment of NPCs with PD98059 alone significantly reduced the
proliferation of NPCs, and completely blocked the abilities of MitoTEMPO, SS31, TMP,
Tiron and CsA to enhance NPC proliferation (Fig. 4C). Collectively, these results suggest
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that quantal mitochondrial SO flashes serve a signaling role by reducing ERK activity
which, in turn, reduces NPC proliferation.

Genetic deletion of SOD2 results in reduced NPC proliferation and neuronal differentiation
in the embryonic cerebral cortex

To elucidate the roles of mitochondrial SO in the regulation of NPC fate in vivo, we
employed a line of SOD2-deficient (SOD2−/−) mice that die within the first few weeks of
birth at which time they exhibit severe anemia, weakness, motor dysfunction and
degeneration of neurons and cardiac myocytes (29). At a mid-gestational stage of embryonic
development (E14.5), the cerebral cortex of SOD−/− mice appeared smaller than wild type
control embryos. To determine the extent to which the cells in each layer in a radial unit of
the developing cortex differed in SOD−/− and wild type embryos, we examined the frontal
cortex in coronal sections immunostained with Tuj1 (a marker of differentiated neurons) and
Ki67 (a marker of proliferative cells which are exclusively NPCs at this specific
developmental stage) (37, 38). In both wild type and SOD2−/− embryos, Ki67+ and Tuj1+
cells demark a clear germinal zone (proliferative zone) and zones of differentiated neurons
(intermediate and cortical plate zones), respectively (Fig. 5A). The thickness of the
developing cerebral cortex was reduced in SOD2−/− mice. The thickness of proliferative
zone (NPC zone) was significantly reduced by 15%, and the overall thickness of the
differentiated layer of neurons (IZ and CP) was reduced by 22%, in the SOD2−/− mice
compared to wild type littermate embryos (Fig. 5A-C). The thinning of the germinal zone
thinning was due to decreased NPC proliferation rather than increased cell death because
TUNEL-positive (apoptotic) cells were rare in brain sections from both wild type and
SOD2−/− mice (data not shown). The significant reduction of differentiated neurons in the
developing cortex of SOD2-deficient mice may therefore result from reduced NPC
proliferation, a possibility consistent with our evidence that mitochondrial SO negatively
regulates the proliferation of cultured NPCs.

To determine whether the proliferation of NPCs is altered in SOD2−/− mice, we pulse-
labeled developing embryos with the DNA precursor BrdU by administering BrdU to
pregnant dams carrying E14.5 embryos. One hour after the BrdU pulse the embryos were
removed and brain sections were prepared and immunostained with a BrdU antibody (Fig.
5D). During early brain development, NPCs in the germinal zone exhibit interkinetic nuclear
migration with S phase at the pial side and mitosis at the ventricular surface (surface
dividing) (39). We found that interkinetic nuclear migration occurred in both SOD2−/− and
wild type mice. BrdU+ cells were present in the zone at the pial side, corresponding to S
phase cells, whereas few BrdU+ cells were present on the ventricular surface which is
expected with a 1 hour BrdU pulse-label. BrdU+ cells were quantified in a 200 μm wide
slab oriented perpendicular to the developing cortical wall at the level of frontal cortex (Fig.
5A, D). There are approximately 34.5% fewer BrdU+ cells at E14.5 in the proliferative zone
of SOD2−/− mice compared to wild type mice (Fig. 5E). These data indicate that the
proliferation of NPCs in the germinal zone is significantly reduced, resulting in cortical
dysgenesis.

Mitochondrial SO production underlies the reduced proliferation of NPC in SOD2-deficient
mice

When neurosphere cultures derived from the E14.5 telecephalon of SOD2−/− mice were
compared with those from WT mice, we found that NPC self-renewal ability in vitro is also
impaired in embryonic NPCs, which is consistent with above in vivo data. NPCs from
SOD2−/− mice formed significantly fewer and smaller neurospheres (Fig. 6A, B), and
significantly less NPCs incorporated BrdU in cultures from SOD2−/− mice compared to
NPCs from wild type mice (Fig. 6A, B).

Hou et al. Page 8

Stem Cells. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To test whether mitochondrial SO production is dysregulated in SOD2−/− mice, we imaged
SO flash occurrence by stably expressing the mitochondrial SO sensor mt-cpYFP in cultured
NPCs. NPCs from SOD2−/− mice exhibited a flash frequency 81% greater than that from
wild type littermates (Fig. 6C), demonstrating that SOD2 deficiency increases spontaneous
bursts of SO production. In parallel NPC cultures, we measured global ROS levels by
quantifying the DCF fluorescence intensity. The basal global ROS level in wild type NPCs
was low, and SOD2-deficient NPCs exhibited a significant elevation of basal ROS (Fig.
6D).

To determine whether increased mitochondrial SO production is responsible for the reduced
proliferation of NPCs lacking SOD2, we used pharmacological agents to suppress SO
flashes (Fig. 2A), and then measured SO flashes and cell proliferation. TMP, MitoTEMPO
and CsA each suppressed the SO flashes in SOD2−/− NPCs (Fig. 7A). When simultaneously
measuring global ROS by quantifying DCF fluorescence intensity, we found that exposure
of SOD2−/− NPCs to CsA that abolished flash incidence did not result in a significant
reduction global ROS levels, whereas treatment with TMP and MitoTempol resulted in
significant reductions in global ROS levels in SOD2−/− NPCs (Fig. 7B). Consistent with
previous data (Fig. 3A), SOD2−/− NPCs, in which SO flash activity was significantly
elevated, exhibited dramatic reductions in the levels of p-ERK1 and p-ERK2 (Fig.7C).
Treatment of SOD2−/− NPCs with mitoTEMPO, TMP and CsA prevented the reduction on
phosphorylation of ERK1 and ERK2 (Fig. 7C). Finally, we found that the proliferation of
dissociated NPCs lacking SOD2 was suppressed compared to wild type NPCs, and that this
reduction of NPC proliferation was rescued by treatment with agents that reduce
mitochondrial SO levels (Fig. 7D). Collectively, these findings suggest that elevated
mitochondrial SO flash activity negatively regulates NPC proliferation by a mechanism
involving suppression of ERKs.

Discussion
By measuring and manipulating mitochondrial SO production, we provide evidence for
several previously unknown roles for bursts of mitochondrial SO production in NPC biology
and development of the cerebral cortex: 1) SO flashes negatively regulate NPC proliferation
under physiological conditions; 2) The generation of SO flashes is coupled to inhibition of
ERKs; 3) NPCs lacking SOD2 exhibit increased SO bursts and reduced proliferation in cell
culture and in vivo; and 4) The proliferation of NPCs and the production of neurons are
reduced in the embryonic cerebral cortex of SOD2-deficient mice. In a physiological setting,
cultured cortical NPCs display spontaneous SO flash activity, which occurs in clusters of
mitochondria in perinuclear regions or processes of bipolar NPCs. The amplitude of
individual SO flashes is very similar among NPCs suggesting that the transient bursts of SO
arise by a tightly controlled mechanism. We found that SO flashes were abolished in NPCs
incubated in the presence of mitochondrial SO scavenger and inhibitor of the mitochondrial
mPTP, indicating that the SO flashes required mitochondrial SO production and transient
opening of the mPTP. Further analyses provided evidence that SO negatively regulates NPC
proliferation by inhibiting the activation of ERKs. In vivo, there are significant reductions of
NPCs in the germinal zone of the cerebral cortex in mid-gestational SOD2−/− mice.
Cultured SOD2−/− NPCs exhibited a significant elevation of mitochondrial SO flash
activity which mediated the suppression of reduced cell proliferation.

Time-lapse confocal imaging of mitochondrial SO levels in NPCs using a novel
mitochondria-targeted cp-YFP probe revealed that the NPCs exhibit spontaneous bursts of
mitochondrial SO production with features similar to the SO “flashes” recently described in
excitable cardiac myocytes and neurons [30]. The amplitude and kinetics of typical
mitochondrial SO flashes in NPCs are similar to those in myocytes or neurons. However, in
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cardiac myocytes and neurons, SO flashes occur within single mitochondria with no
evidence of SO flashes occurring in one mitochondrion affecting the probability of a SO
flash occurring in an adjacent mitochondrion [30]. In contrast, SO flashes in NPCs are often
synchronized among clusters of mitochondria, particularly those located in a perinuclear
region. The mechanism by which SO flashes occur synchronously among mitochondria in
NPC is unknown, but may be a result of a reticular network of mitochondria or possibly an
inter-mitochondrial signaling system. We also find that mitochondrial SO flashes occurring
in NPCs are blocked by SO scavengers (MitoTEMPO, SS31, TMP and Tiron) and by the
mPTP inhibitor CsA. SO flash frequency is enhanced by the mitochondrial SO generator
PQ, by the mPTP opener ATR, and by genetic deletion of MnSOD. These findings suggest
there is a functional coupling between transient mPTP opening and bursts of mitochondrial
SO generation, which underlies the mechanism of mitochondrial SO flash generation in
NPCs. Our evaluation of the relationship between global ROS and mitochondrial ROS in the
form of SO flashes revealed that agents that selectively affect mitochondrial SO production
and SO flash frequency do not have a discernible effect on global ROS levels as measured
using the probe DCF. This could be accounted for by the spatial confinement, temporal
brevity, and low frequency of SO flashes in NPCs under physiological conditions. All of the
pharmacological agents that blocked the mitochondrial SO flashes significantly increased
secondary neurosphere number by 26-34%, which suggests that blocking SO flash activity
promotes NPC self-renewal. Treatment of neurospheres with MitoTempol and SS31 resulted
in a significant (15-17%) increase of neurosphere size, whereas TMP, Tiron and CsA
treatment did not significantly affect neurosphere size. Collectively, these findings suggest
pivotal roles for transient opening of mitochondrial PTPs and SO flashes in NPC self-
renewal, and a less prominent role for mitochondrial SO flashes in the proliferation of NPC.
The NPC have the ability to undergo either a symmetrical cell division, resulting in two new
daughter NPCs, or an asymmetric cell division resulting in one self-renewing daughter cell
and one neuron. NPC undergoing symmetrical divisions have a relatively high mitotic rate
and can generate more cells in a given time period compared to NPC that divide
asymmetrically. The differences in the effects of these pharmacological agents may be due
to their differential regulation of genes that influence the different mode of cell division.
These findings demonstrate that mitochondrial SO flashes negatively regulate the self-
renewal of NPCs. In support of this conclusion, we also found the self-renewal and
proliferation rate of NPCs were significantly decreased when SO flashes were enhanced by
treatment of the cells with SO generator PQ and mPTP opener ATR.

We found that suppression of SO flash activity promotes activation of ERKs 1 and 2 kinases
previously shown to enhance the proliferation of embryonic stem cells [40] and NPCs [41,
42]. Conversely, high levels of mitochondrial SO flash activity in SOD2−/− NPCs
suppressed NPC proliferation by inhibition of activity of ERKs 1 and 2. Since our data
demonstrate that SO flashes make only a negligible contribution to the global ROS level,
they provide evidence for a previously unknown role for mPTP-mediated bursts of
mitochondrial SO in regulating NPC self-renewal. Although the central role of ERKs in
responses of cells to growth factors has been demonstrated, mechanisms controlling
dynamic features of ERK phosphorylation are incompletely understood. It has been reported
that the activation of ERK signaling can undergo oscillations with a periodicity of 1 – 2
hours, but the factors controlling such oscillations and their physiological roles are unknown
[43]. We found that SO flashes inhibit ERK phosphorylation, and that multiple
pharmacological agents that block SO flashes enhance NPC proliferation. It is possible that
bursts of mitochondrial SO production play a role in the oscillatory nature of ERK activity.
Moveover, SOD2−/− NPCs exhibited a significant increase in flash incidence and displayed
reductions of ERK phosphorylation and NPC proliferation. Therefore, our findings further
suggest that SO flashesfunction in a novel signaling pathway that regulates NPC
proliferation by modulating the phosphorylation of ERKs SODs, including cytosolic and
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extracellular SODs (SOD1 and SOD3) and SOD2, are major antioxidant defense enzymes.
Inactivation of SOD1 and SOD3 in mice results in mild nonlethal phenotypes (44, 45). In
contrast, inactivation of SOD2 results in neonatal lethality characterized by
neurodegeneration, anemia, and dilated cardiomyopathy, Oxidative DNA damage, impaired
electron transport chain function, and abnormalities in tricarboxylic acid cycle enzymes (29,
46, 47). This emphasizes the importance of mitochondrial SOD and mitochondrial SO.
However, the function of SOD2 in early brain development, particularly in NPC self-
renewal capacity, was previously unknown. In the present study we show that SOD2
deficiency results in significant reductions in numbers of NPCs and differentiated (Tuj1-
positive) neurons in mid-gestational embryonic frontal cortex, which results in a dramatic
thinning of the cerebral wall. Our BrdU pulse-labeling studies revealed that SOD2
deficiency results in significantly fewer proliferative NPCs cells in neurosphere cloning
assays and in the developing embryonic cerebral cortex in vivo. SOD2 deficiency did not
result in any discernible increase in apoptotic cells in the developing cerebral cortex,
consistent with a reduction in NPC proliferation being the major consequence of elevated
mitochondrial SO production that retards expansion of the embryonic cerebral cortex. NPC
lacking SOD2 exhibited significant increase SO flash incidence. The global ROS in WT
NPC cells is, in general, very low. SOD2−/− NPCs did exhibit a small (~1.5 fold of WT
NPC) and significant elevation of DCF fluorescence intensity. Intriguingly, treatment of
TMP, MitoTempol and CSA all abolished SO flashes and rescued the proliferation
suppression in SOD2−/− NPC. However, unlike TMP and MitoTempol, treatment of NPCs
with CsA, which abolished the SO flashes in SOD2−/− NPCs, did not affect global ROS.
Therefore, our analysis of embryonic SOD2−/− NPCs suggests a prominent role for
mitochondrial SO flashes in the negative regulation of NPCs in vivo. Our findings also
reveal transient mPTP opening-triggered SO flashes which are distinct from constitutive
ROS production. SO flash events provide a novel frequency-dependent mechanism to
activate a local ROS signaling pathway, which can transiently suppress phosphorylation of
ERK in the cells where the global ROS concentration remains low.

In a review article on the roles of ROS in the regulation of stem cell fate, Noble et al. (2005)
(48) concluded that “It is not yet clear how cells can interpret putatively identical signals in
such opposite manners, but it does already seem clear that resolving this paradox will
provide insights of considerable relevance to the understanding of normal development,
tissue repair, and tumorigenesis.” Our findings help to resolve this seeming paradox by
demonstrating that specific, focal and temporally-constrained bursts of mitochondrial SO
negatively regulate NPC proliferation independently of the kinds of global changes of ROS
studied previously. By integrating our findings with those of others (29, 49, 50, 51), we
propose that dynamic mitochondrial ROS generation in the form of mPTP-dependent SO
flashes serves as a signaling mechanism that controls the fate of NPCs. Our findings suggest
that there is considerable complexity and specificity regarding the subcellular localization
and temporal coding of ROS generation, and the molecular targets/mechanisms of action of
ROS in regulating NPC fate.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of spontaneous mitochondrial SO flashes in NPCs. (A): Dissociated NPCs
at day 3 in culture were immunostained with antibodies against Sox2, nestin and BrdU (after
a 16 h exposure to 10 μM BrdU) (green), which are markers of proliferating NPCs. The
nuclei of NPCs were counterstained with propidium iodide (red). The image at the lower
right shows NPCs transfected with an mt-DsRed plasmid to illustrate the mitochondrial
morphology in NPCs. Bar = 20 μm. (B-E): Characteristics of mitochondrial SO flashes in
NPCs. Time-lapse images of SO flashes in NPCs (B, D) and results of quantification of mt-
cpYFP fluorescence intensity before, during and after a SO flash (C, E); the bipolar NPC in
panel B exhibited a flash that occurred in all mitochondria throughout the cell, and the
rounded cell in panel D exhibited a flash only in perinuclear mitochondria. Bar = 5 μm. (F):
Percentages of NPCs exhibiting whole-cell and perinuclear flashes. (G-I): Distribution and
kinetics of whole-cell and perinuclear SO flashes in NPCs. ΔF/F0 is the amplitude of SO
flashes where F0 refers to basal fluorescence intensity (G); Tp is the time to peak
fluorescence intensity (H); and T50 is 50% decay time after the peak (I). Values are the
mean ± SD (n = 17–63 SO flashes analyzed).
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Figure 2.
Mitochondrial SO flash activities are modified by SO scavengers/donors and mPTP
inhibitor/opener and doesn′t contribute appreciably to global ROS. (A): Mitochondrial SO
flashes are suppressed by treatment of NPCs with mitochondrial SO scavengers
(MitoTEMPO 1μM and SS31 50μM), the SO mimetic agent (TMP 1 μM), a SO scavenger
(Tiron 100 μM) and an inhibitor of mPTP (CsA 0.1 μM). Mitochondrial SO flashes are
enhanced by treatment of SO generator (PQ1 μM), mPTP opener (ATR 1 μM). NPCs were
treated for 24 h (n = 3 separate experiments; ~100 cells imaged in each experiment).
*p<0.05. (B): Global ROS levels in NPCs measured by DCF loading were not altered by
different treatment as indicated that either suppressed or enhanced SO flash activity. Values
are the mean ± SD (n = 3 separate experiments). *p<0.05.
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Figure 3.
Superoxide flashes negatively regulate NPC proliferation. (A): Images of neurospheres in
cultures which had been treated for 6 d with vehicle (Control) or 1 μM MitoTEMPO, 1 μM
TMP. Bar = 500 μm. (B): Images of dissociated adherent NPCs in cultures which had been
treated as indicated in (A). The NPC were then incubated for 2 h in the presence of BrdU
(10 μM), fixed and immunostained with antibodies against BrdU (green) and propidium
iodide (PI; red). Bar = 40 μm. (C, D): Results of quantification of neurosphere number (C)
and diameter (D) in cultures maintained for 6 d in the presence of MitoTEMPO 1μM, SS31
50μM, TMP 1 μM, Tiron 100 μM and CsA 0.1 μM. (E): Quantitative analysis of
proliferation index (BrdU+ cells/total cells) in dissociated NPC cultures treated for 24 h with
the indicated treatments in (C) and (D). (F, G): Results of quantification of neurosphere
number (F) and diameter size (G) in cultures maintained for 6 d in the presence of 1 μM PQ
or 1 μM ATR. (H): Quantitative analysis of proliferation index (BrdU+ cells/total cells) in
dissociated NPC cultures treated for 24 h with the indicated treatments. Values are
expressed as a percentage of the mean of the control condition (n = 3 separate experiments)
*p<0.05.
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Figure 4.
Suppression of superoxide flash promotes ERK1/2 phosphorylation. (A, B): Dissociated
adherent NPCs were treated with 1μM MitoTEMPO, 50μM SS31, 1 μM TMP, 100 μM
Tiron or 0.1 μM CsA for 24 h. Immunoblot analysis using antibodies that selectively
recognize phosphorylated (active) forms of ERKs 1 and 2, p38 or JNK. Blots were reprobed
with phosphorylation-insensitive antibodies against ERKs 1 and 2. Panel A show
representative blots and panels B show results of densitometric analysis of 4-6 blots.
*p<0.05 compared to the control value. (C): Quantitative analysis of proliferation index
(BrdU+ cells/total cells) in dissociated NPC cultures which were pretreated for 1 h with
PD98059 20 μM, and were then treated for 24 h with vehicle (con), 1μM MitoTEMPO, 50
μM SS31, 1 μM TMP, 100 μM Tiron or 0.1 μM CsA. *p<0.05 compared to the
corresponding value for cultures treated without PD98059.
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Figure 5. SOD2 deficiency results in a significant reduction in the size of the proliferative zone
and NPC proliferation in the embryonic cerebral cortex
(A): Representative confocal images showing Ki67 (green) and Tuj1 (red) immunoreactive
cells in brain sections from E14.5 wild type and SOD2−/− littermate embryos, taken from
matched sections at the same level of the frontal cortex. (B): representative higher-
magnification confocal images of a 200 μm slab of the middle telencephalon wall as
indicated in (A) are shown with Ki67 (green) staining. (C): The combination of Ki67
(proliferation marker) and Tuj1 (a marker of differentiated neurons) delineates the zones of
cell proliferation and differentiation (A). The thicknesses of proliferative zone (Ki67+) and
differentiation zone (Tuj1+) were quantified and values represent the mean ± SD of analyses
performed on brain sections from 3 WT and 3 SOD2−/− mice. *p<0.05 and **p<0.001. (D):
Representative confocal images of a 200 μm slab of the middle telecencephalon wall of WT
and SOD2−/− littermate mice at E14.5 immunostained with BrdU (green) and propidium
iodide (PI; red). Pregnant dams at E14.5 were pulse (1h) labeled with BrdU, and brain
sections were immunostained with BrdU (green) and counterstained with PI (red). (E): Total
BrdU+ cells within a 200 μm slab of the middle telecencephalon wall of WT and SOD2−/−
littermate mice were quantified. Values represent the mean ± SD of analyses performed on
brain sections from 3 WT and 3 SOD2−/− mice. **p<0.01.
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Figure 6. NPCs lacking SOD2−/− exhibit increased mitochondrial SO flash incidence and a
reduction of cell proliferation
(A): Representative images of neurospheres in cultures prepared from E14.5 cerebral cortex
of WT and SOD2−/− littermate mice, and representative images of dissociated adherent
NPCs in cultures which were incubated for 2 h in the presence of BrdU (10 μM), fixed and
immunostained with antibodies against BrdU (green) and PI (red). Bar = 40 μm. (B):
Results of quantification of neurosphere number, diameter size and proliferation index
(BrdU+ cells/total cells) in dissociated NPC cultures established from WT and SOD2−/−
mice. Values are expressed as a percentage of the mean of the control condition (n = 8 pairs
of WT and SOD2−/− NPC cultures. *p<0.05 and **p<0.01. (C): mitochondrial superoxide
flashes are enhanced in SOD2−/− NPC in comparison to that of WT. NPCs were imaged on
culture day 3 (n = 3 pairs of littermate NPC cultures; ~100 cells imaged in each experiment).
**p<0.01. (D): Global ROS levels in NPCs measured by DCF loading were also increased.
Representative images of DCF fluorescence in WT and SOD2−/− NPC are shown, and the
quantitative data of DCF fluorescence intensity are expressed as the percentage of the WT
control levels. Values are the mean ± SD (n = 3 separate experiments). **p<0.01.
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Figure 7. Mitochondrial mPTP-dependent bursts of SO production mediate impaired
proliferation of NPC caused by SOD2−/− deficiency
(A): Dissociated adherent NPCs from SOD2−/− mice were treated for 6 h with 1μM TMP,
1μM MitoTEMPO, or 0.1μM CsA. Results show analysis of SO flash incidence (number of
NPCs which exhibited a mitochondrial SO flash among ~150 cells imaged for 3 minutes).
(B): Global ROS levels in NPCs measured using the probe DCF. (C): Immunoblot of p-
ERK1/2 and total ERK1/2 in cortical NPCs from wild type mice (WT) or Mn-SOD deficient
mice (MnSODKO) that had been treated for 6 h with 1 μM TMP, 1μM MitoTEMPO or
0.1μM CsA. p-ERK1/2 levels were reduced in NPCs lacking SOD2 and treatment with
TMP, MitoTEMPO and CsA restored p-ERK levels. (D): Results of quantification of
proliferation index (BrdU+ cells/total cells) in dissociated NPC cultures from WT and
SOD2−/− mice. NPCs were treated for 24 h with 1 μM TMP, 1μM MitoTEMPO, 0.1μM
CsA, or vehicle control. All data in A-C are plotted as the percentage of WT control.
*p<0.05 and **p<0.01 WT compared to SOD2−/−, or treatment compared to vehicle
control.
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